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SUhfNfARY

The hat-m”re anemometer suggests itself as a promising mehd for measuting the jhctuating

air zelocitie8 found h turbulent air$o w. l%e only obstacle is the pre~ence of a lag due to tlie limited
...—

energy input which ma7ce8 eren a fairly small wire incapable of folbwiql rapici jluctuation8 with

accuray. This paper girer the theoqj of the lag and de8&bes. an “experimental arrangement for

--

-compensating for the lag for frequencies up to 100 or more per second when tile amplitude of ilie

- j?uctuation ie not too great. An experimental test of tfie accuracy of compensation and 8ome results

obtaind with the appratus in a m“niHunnel air stream are described. Whii’e tfie apparatus h

cery iiuL4y in its present form, it ti beli-ered possible to derebp a more portatle arrangement.

INTRODUCTION

In a historic paper (reference 1] Osborne Reynokk distinguished experimentally two types
of fluid motion in pipes which are today termed laminar and turbulent. In the laminar motion
the fluid particles follow each other in paths paraIIel to the axis of the pipe and the flow is steady—
i. e., the speed at any point is not a function of the time. In the turbulent motion the fluid is
fled with a mass of eddies, and while on the average the flow is parallel to the axis of the pipe
there is a rapid fluctuation of the docity at any point about a mean vahe. A stream of smoke
or colored fluid introduced into a km.inar flow retains its identity for a considerable time,
whereas in a turbulent flow the stream is very rapidby diffused throughout the fluid. In laminar
flow the stresses are transferred from layer to layer of the fluid solely by tie action of molemilar
diffusion, whereas in turbulent flow there is in addition a mokr diflusion or the transfer of momen-
tum by extensive groups of mokcuks. The -relocity distribution in kminar flow may be com-
puted from the equations of motion of an incompressible viscous fluid on the assumption that a
steady state of flow etiit-s in which the Iines of flow are paraIlel to the asie of the pipe. The
speed is found to be a parabolic function of the radial distanoe from the axis of the pipe. In
turbulent flow the speed is found to vary as a power of the distanoe from the wall of the pipe
over most of the cross section, but it can not as yet be shown how this result may be derived
from the equations of motion nor can a physicaI meaning be attributed to the exponent of the
power law.

It was shown experimentally by Reynolds that turbulent motion could not exist if the value
of the ratio lTDP/P,now known as the Reptikls hrumber, was less than 2,000. T denotes the
mean speed of flow, D the diameter of the pipe, P the density, and P the *osity of the fluid.
At Reynolds Numbem much Iarger than 2,000 Iaroinar motion is not possible, whiIe in a certain
intermediate range laminar motion is unstable, the degree of stability being dependent on the
magnitude of the disturbmces present.

These conceptions of laminsr and turbulent motions and of the Reynolds Number as a cri-
terion determining the type of flow have been extended to fluid motion iR genemd. h the
extension the desigmtion “ t~b~ent motion” has sometimes been restricted to those cases

in which the fluctuations of velocity are more or less random in nature. k generrd, however,
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the periodic motions which occur behind many bodies as, for example, behind cylinders, and
which may be approximately represented as the effect of a limited number of moving singularities
(vortices), are alsc classed as turbulent motions.

In wind tunnels it is desired to reproduce as closely”as possible the same relati~~e flow as if
the model were moving forward in still air. To obtain this result, it is necessary to secure an
air stream of large cross section as compared to the cross section of the model and of uniform
and steady speed throughout. It is atmnce apparent that the ideal condition can not be secured.
In the &t place the Reynolds Numbers required for even moderat~ speeds and cross-sectional
areas are far above 2,000, so”that the flow is of necessity turbulent. In the second place, the
distribution of average speed in fully developed laminar or turbulent flow (i. e., far from the
entrance of a tuba) is not uniform across the section and therefore uneatisfact ory. The com-
promise usually made is to work near enough to the entrance of a large tube that the effect of
the walls does not have time tc-reach the center. Conditions are therefore not steady, and
turbulence is always present.

Turbulence in wind tunnels does not seem ,to produce any large efFects as judged by a com-
parison of results obtained on similar models in different wind tunnels except for cylinders,
spheres, spheroids, ellipsoids, and airship hulls. In these instances wry large effects are pro-
duced. (Wferences 2 and 7.) The desire to make some direct measurement of the turbulence in
wind tunnels was the incentive for the work here described, but before proceeding further it is
desirable to specify in more detail what is meant-by the word “turbulence.”

In 1895 Reynolds (reference 3) gave. a mathematical formulation of turbulent flow. He
began by a consideration of the meaning of the velocities entering into the general equations of
motion. The equations are obtained on the assumption of. a co~timmuuwdium whereas we
know in fact that the medium is discontinuous, consisting of individual molecules. We think
oft he velocity at any point at. given instant not as the velocity of a single molecule at that point
but as the velocity of a fictitious fluid particle. We iniiigine a small volume around the point,
for example, a small sphere of radius r, and defhe the velocity at-the point V, as the average
velocity of all the molecules vvithin the sphere. To satisfy the conditions of continuity, the
sphere must be so small that the variation of average velocity taken about other points within

the sphere is smal Thus if we consider the variation in any directions, r $; must be negligible
.

in comparison with ~~s On the other hand, the sphere must be large compared yith the mean

free path of the molecuIes. After an iniinite$rnal interval of tirm dt, we assume that the “par-
ticle” has reached the pointVdt. The fluid particle may thus be given a definite mathematical
meaning, but it has no physical existence and in particular it does not consist always of the
same molecules.

It is possible to define the velocity at a point in a manner not involving the conception of a
fluid particle by taking the vectorial average velocity of @l molecules passing through a small
volume around the point in a certain time dt, which is long enough to include a large number of
molecules,

The effect of the motion of. the molecules is taken. care of ..in the. theory by a systepl of
stresses, which are explained as due b. the transfer of momentum by the molecular motions.
In terms of the kinetic theory “of gases for the simple case of twodimensional parallel flow, the
transfer of momentum per unit area per unit time is proportional to the density, the mean
molecuJar speed, the mean free path, and the velocity gradient. In terms of hydrodynamical
theory, the stress is equal to the product of the coefficient of viscosity, which is a constant for
a given fluid at a given temperature, and the velocity ~adient.

ReynoMs proposed to treat the problem of turbulence in somewhat the same way. He -
proposed to substitute for the reaI motion an average or mean motion on which fluctuations
were superposed and to take account of the effect of the fluctuations by a system of stresses,
In the simple case of two-dimensional parallel flow the aiklitional shearing stress turns out to be

p G times the velocity gradient where p is the density and z is the mean value of the product
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of the superposed fluctuating components paraIIel and at right angles to the mean flow. Rey-
nolds was aIso able to set up equations giving the reIations which must exist between the vari-
ables in the steady state (in the kinetic sense) -namely, the condition that the rate at which

-.

the energy of the mean motion is converted to energy of the fluctuations is equaI to the rate at
..—.

which the energy of the fluctuations is dissipated by ticoaity or in terms of the kinetic theory
con~erted into the energy of the. molecular fluctuations or heat motion.

H. A. ILcrentz (reference 4) and J. M. Burgers (reference 5) have stated the equations of
Reynolda in a somewhat different form and have shown that the knowledge of three mean values
is suE6cient to permit the computation of the reaistmce. These me the mean value of the prod-

uct =v, the mean value of =F, and the mean value of the square of the vorticit y.
Th. von Karman (reference 6) has given an excellent summa~ of the theory of turbul&ce

developed aIong th=e lines to which the reader is referred for a summary of the mathematical
treatment of the subject. It is clear from this summary that the trea~ent outIined by Rey-
nolds has not as yet led to anything conchive, principally because there is no method of com-
puting the required mean values and because there is not suflioient e.xperimentaI data on the

. .

fluctuations to give a clue to fruitful hypotheses. The great need at the present time in the
further development of the. theo~ of turbulence is more experiments on the actual fluctuations
to supplement the data already available on the distribution of mem velocity.

It has been pointed out that the ordinary theory of laminar flow is based on certain average
velocities which could be defined in terms of space averages or ti terms of time aver%es. The
averages taken for turbulent flow to obtain the mean or fundamental motion may also be based

_r-

on either space or time averages, and it is usualIy assumed that the same r=uIt wilI be obtained
in aU cases provided the spaces and times over which the averagea are taken are suitably chosen.
It is clear that this method of procedure can be applied b a given flow in a great many ways

.—

by using e-pace and time intervals of different ordera of magnitude. The result obtained depends
on what we wish b consider as the basic or fundamental flow. The process is an artificial one
based on convenience, and some of the confusion as to the meaning of turbulence arises from
the faihre to appreciate this fact. For example, in the case of the natural wind we might
consider ave~~es over 5-minute intervals, 5-second intervals, or 0.05-second intervals, depend-

...—

ing on the purpose in question. In no case wouId the fundamental motion be an absolutely
stationary one, and in every case the conception of turbulence wouId be different. In most
practical cases we define the fundamental flow as the one indicated by the instruments at our
disposal which give mean values over a period ranging from, say, one second to one minute.
Every physical instrument gives some kind of an average over a certain volume determined
by its size and over a certain interval of time determined by its inertia or other lag charac-
teristic. W5th the above definition of the fundamental motion we may have as many defi-

—-—

nitiona of turbulence as we have instruments at our disposal.
The particuhu conception of turbulence adopted in this paper is based on a fundamenta~

motion defined by time averages taken over seved seconds. hy variation with frequency
greater than one per two or three seconds is included in the superposed turbulence. For the
present we have no means of taking averages over any extensive vohme and no means of
obtaining the partimdar average mdues used in the present form of the theory. It is the object
of this paper to oudine a method by means of which the fluctuations of the air speed at a given
point may be measured and to give typical remdts obtained in the turbulent flow in a wind
tunneL

PREVIOUS WORK AT THE! BUREAU OF STANDARDS
—

In Technical Report IVO. 231 of the National Adviemy Committee for Aeronautics (refer-
ence 7), the fit work carried out at the Bureau of Standards on the probkm of turbulence
in wind tunnels is described. One section of that report deals with measurement of the air
resistance of cylinders in the turbulent flow behind wire screens of vmying mesh, and another
section deaIa with attempts to measure fluctuations of static and impact pressures by means
of a diaphragm pressure gauge connected to the prwure noszle by rubber tubing.
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In practical wind-tunnel measurements we are interested in the effects of turbulence on
the air forces on the models under investigation, but experiment shows that the results obtained
for one model can not be applied to another. This seemingly direct method of attack also
suffers from the difficulty that no numerical value can be assigned to the turbulence produced
by the wire screens commonly used and that there is no method of extrapolation to obtain the
result- for an air stream free from turbulence.

Attention has therefore been turned to the more fundamental problem of measuring di-
rectly the variation of static pressure, speed, and direction of the air stream. Since the publi-
cation of National Advisory Committee for Aeronautic-s Technical Report No. 231 (reference-

. .

7), much attention has been giverI to the development of methods involting the transmission
of pressure and to the possible study of directional changes by means of small, light, freely

●

pivoted vanes. All of these mechanical methods have been unsuccessful, primarily due to the
large inertia or the low natural frequency of the mechanical system. All such systems seem
to oscilIate with their natural frequency, ab@racting the required small energy from the air
stream.

---

In February, 1926, we began an investigation of the possibility of using a hot-wire ane-
mometer for the measurement of speed fluctuations. After several months’ work with a wire
about 0.075 mm in diameter, it was concluded that the lag in the heating and coo%g of the
wire was so great that the method was not very promising, At about this time a paper by
Prof. J. M. Burgem, of Del&on Experiments on he Fluctuations of the Velocity in a Current
of Air (referenw.. 10) was called to our attention, in which experiments with wires of much
smaller diameter than we had used gave very promising resulti. We were, however)” unable to” “””
resume work on the problem until July, 1927. During the summer of 1927 we were fortuna~
in having associated with our. staff Dr. Arthur E. Ruark for a period of two and one-half
months. Doctor Ruark assembled a great deal of the necessary electrical apparatus, instructed
other members of the section in its use, and made a number of experiments with several
suggested arrangenmgts.’ WI& Doctor. Ruark was n;% asdociat.d”ivith us in the design of the” “-
circuits fhlly used, it is a pleasure to acknowledge his contribution.

INVESTIGATIONS WITH THE HOT--WIRE ANEMOMETER

The clasaical work on the hot-wire anemometer as an instrument for measuring. air speed. ._ .._
is that by L. V. King. (Refin%nce 8.]”- “Many additio-rial pipem” on the subject have appeared
since that paper was published, many of them dealing with various mocWications of the elec-
trical circuits and of the form of the wire mounting. It is not proposed to give any complete
bibliography, and we shall, in fact, refer only to those experiments in which measurements of
fluctuations were attempted. The first work of this kind with which we are famdiar is that
by E. Huguenard, A-~”Magnan, and A. Planiol .(reference 9) on the measurement of gusta in
natural winds. These investigators” give a brief theoretical treatment of the problem of the
lag of the hot-wire anemometer and a method of computing corrections for lag.

Two years later the paper. of Professor Burgers (reference 10), which has already been
referred to, was published. Burgers also gave a brief computation of the lag, and by the use
of wires abcmt 0.015_mm in diameter he was able to reduce the lag considerably. He ahowed
by the use of two instrument that the wire should not be longer than about 1 cm, since this
was the maximum spacing for which the two wires gave the same indications at a given instant.
B“@era described a method of recording. directional ysriations.

In 1927 A. Fage and F. C. Johansen (reference 11), of the National Physical Laboratory,
~described some measwments of fluctuations behind plates in connection with measurements
of average speed and direction. A wire 0.025 mm in diameter was used in conjunction with
a string g~vagometer and, the. .measure.rnents w~re made at. lQW wind speeds to minimize the
effect of lag.

The papers of Anrep, Downing, and their coworkers (reference 12) deserve mention in this
connection, since the method of computing the ccmrection for lag given by Buguenard and his
coworkers was independently derived.

—
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COMPUTATION OF THE LAG OF A HOT-WIRE ANEMOMETER

Since the theoretical treatment of the Iag of the hot-vi-ire anemometer given in the papers
referred to above does not lend itself readily to the computation of the response of the instru-
ment to an irregular or even to a periodic fluctuation of speed, we wish to give a more compre-
hensive computation:

The foLIowing symbols will be used:

dll
~= rate of increase of heat energy in the wire.

i = heating current (maintained constant).
R= instantaneous resistance of the wire.
T=instantaneous temperature of the wire.

~= average resistance of the mire.

~= average temperattie of the wire. “
T.= air temperature (room temperature).
R. =reskmce of the wire at temperature To.
T=instsntaneous air speed.

R,= r&stance of the wire in an air stream of constant speed ~.
T.= temperature of the wire in m air stream of constant speed V.
m = mess of the wire.
s = speci6c heat of the w-ire.
a = temperature coefficient of resistance of the wire.

~= average wind speed.
p= 2X times frequency of air speed variation.

.K(T– To)= rate of heat loss horn wire ,by radiation and free convection.
C(T– 2’.)= rate of heat loss from wire by foroed convection of air stream of speed P.

We assume that the rate of heat loss from the hot wire in an air stream of speed Pis given
by King’s equation (reference 13), rate of heat loss equals K (T– TJ + C(2’– T,) ,f~, in other
words, that the rate of heat loss does not depend oti the rate of variation of the air speed. We
assume further that the heating current i, is maintained at a constant vahe and we under-
stand by T’the mean temperature at any instant as determined by the instantaneous resistance
of the m-ire. By expressing the fact that the rate at which heat energy accumulates in the wire
is equal to the rate at which electrical energy enters, less the rate at which heat energy leaves,
we obtain the fundamental equation

‘$=ayB– (K+ Cm (T– To) . ‘“(1)

dH dT
‘ow z “.2 m 3

since the increase in heat energy produces an increase in the temperature

R–R, dTldR
of the wire. Likevzise T– T,=m and thus ~ =Bz ~. On substitution of these -dues,

o
we obtain

(2)

from which R is to be determined. If the cycle is performed wwy sIovAy so that ~= O, the

equilibrium vxdue R., ~ould be determined by
.

(3)

-— -- — .—

..—

—

.

—

.
-.

.-
. ---

Equation (3) is the equation of the usmd calibration curve of the wire and is found to be in
accordance with the experimental results as to the dependence of R. on i end V as shown in
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Figures 1 and 2, The following discussion requires only that the heat loss be proportional to
f (V) (T– T,) whether the wire be in temperature equilibrium or not. Solving equation (3)
for K+ O~V and substitut.i& in equation (2) we obtain.

and then by adding and subtracting Re tithin the parenthesis on the right and some simple
transformations .

R,– RO= R–R. ,.
1– $z.$$ -“

For simplicity in further discussion we rewrite this equation in the form

d
4.8

\

4.6
\ 1 .“

AA.

.I INI

RIQUEE1.-Oe2IbratIonI-?IUWfOra hd % ‘(dfEJIWkL 17d a
differentheetfngcnrrents

where

-------“ (5}”””, ___

,.. ,.-. . .. ,— ---- ..

, -.

.-. ..~,U w+~.Wls .
I“IIIIAII

g

FIOURE.2.-Th0dntaon Flgnre 1 plotted to ebow the mmrdmca
with M@ M@ [on

R–R.
R.– R.

___
R–-R.

-%% =
‘(R-R)

- (6) “=”

l–~~ &o
.

! ,.

~ J.f-
4.2ms(~– RJ -42m~(?’– T.)

m.% ‘w?.

—

(7)

M has the dimensions of tiie and is the single oonstant 1necessary to characte~e the heh~vior .
of the wire for a given heating current and operating-temperature.

The physical meaning of Mmay be seen by suppo&ng that ~he air speed is suddenly changed,

so that R, changes from a constant value of, say, ~ to the value of ~, and investigating the change
-- -.

1The varlaffomof 8 and a with tim~~ IWOmstible ~d= the OOn~~OMof o~t[o~

u
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M is therefore the time required for .... —-—of R. me tid rather simply that R– ~= (&– f?)e~.

R – ~ to become equal to ~ times the origimd dMerence %– ~z

It shoukl be noted that the occurrence of the lag is not dependent on a thermal kg. When
the speed decreases rapidIy, the electric current is not able to supply sufficient energy to raise
the temperature of the w-ire fast enough to corrwpond to the equilibrium temperature, and when
the speed increases rapidly the supply of energy reduces the rate of cooling. The apparently
unsymmetrical response obtained by Richardson (reference 14) was produced by osculating the
wire in its own convection current with approximately the same maximum speed as that of the
convection current. The phenomena involved in a hot mire oscillated in still air are so compli-
cated by the presence of the convection current and by the air motions set up by the wire and its
mounting that this special case is understood to be excluded from the treatment given in this

.—

—

paper.
Equation (6) may be written

R–R.

(8) -

as constant is .—.

..

The formal solution of this Iinear equation when M may be regarded

dt+ Const . (9)
. .

in which, of course, R. is a function of tdetermined from the wJcmity variation by means of equa-
tion (3). IJnfortunately the integrations involved under any reasonable asnmnption as to the
variation of ~elocity with time are very troubl~ome. Their evaluation in any useful form is
beyond the skill of the authom. ‘iVe therefore turn to simpler methods of attack.

It is obvious that it is always possible to reverse the problem, that is, Imowing R and
dR
~, to determine R,. This is the UWMIexperimental problem. Let US suppose that ~~ obtti

—

--

on the record a sinusoidal cu.iv-e represented by

R–Ro=(~–Ro) (l+a sinpt) (lo)
By substitution in (6) and simple transformations we obtain

.

(11)

If apM is smaIl compared to unity, R.– R, SISOundergoes n sinusoidal nmiation. We shalI
see later that in many cases ap~ is smaII, which means physically that the variations of resis-
tance are smalI as oomp_med to ~– R,, hence the variations of temperature small as compared to
the temperature head T– To, and hence the speed variations smsU as compared to the mean
speed. It is of interest therefore to ‘investigate the second approximation and to see how large

—
.—

... =

the speed variations may be: Expanding ~_ ap~ ~s Pt and performhg the m~~phcation,

we get
~E~R.
R –R,

=I+a sinpt+ap.lt cos pt+a2p3 sinpt cos pt+a2pzWeos= pt+ . . . . (12)

~This eomputat[on,was nude by Hngoenard and his coworkers,by Burger&and by &p and Me cowmkers !II the wpsrs Previoudy
referred to.
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Hence the average value of
R–R “

—.
===”isl+~a2p2Mz+ , . . .
R –R.

(13)

A more complete calculation gives —
1 R,–R,

——-for the average value of FUR-. Therefore if the
~11– a~p2iW o

resietanee variations are large, the observed mean resist ante is too low and the corresponding
mean speed too high. This error in the mean speed is offset to some extent by the curvature
of the resistance-speed curve which cmMes the mean resistance to correspond to a speed lower
than the mean speed. apifl may be as large as 0.14.without introducing an error in the mean

R–R~“ larger than 1 per cent, which means that the speed may vary by *15 to +20 per cent
o

without introducing serious error in the mean speed on accmmt of lag. The effect of curvature
of the resistance-speed curve must, however, be considered for such large speed changes.

Similarly; by computing the maximum and migjmum v.ahw of l?,- R, we iind for the

R –Ro
approximate amplitude of the fluctuation in -c–—

R–Ro

a l+iif2~-a2~~F “-– “- “-”
.- —-. —“

1–azpzMx
(14) .

.-

and the error in using a41 + if&2 is..kss than”2 per~erit” for @3.i = 0.14.
-.

We now return to the case in which. apM is neglected for more detailed consideration.
Returning to_equation (4) we suppose that R,- ROin the denominator on the right may be
replaced by R—Ro without. sensible error—i. e., that l?.– ~ is negligible compared to ~– R,, .
Vie then obtain -.

~dR~FR.–R (15)

The solution of. this linear equation consists of a trand~nt term containing the factor e—~
and a periodic tarm, if Re is periodic. The transient.t~rm soon becomes negligible and till n@ ., ..:. ,-.
be considered further. To obtain the periodic term, we suppose that R, is ~xptmded in a
Fourier series such thtit -.

R~–~=al sin pt+~ sin ~pt+ . . : .+a. sin njt+. . . .
+bl cospt+b*cos2pt+. . ‘ “+pncosnpt+” “ “ “ (16)

We then assume that

R–~=c, sinpt+c%sin 2pt+ , . ---!-cn sin;pt+ . . . .
+dlcospt+dz cos2pt+” c s “+d, cosnpt+. “ o 0

(17)

whence
dR
~=cl p cospt+2czp cos.2pt+. “ : ..+nc~p cos.npf+s “ “ s

(18) .
–d, psinpt-2dtp sin 2pt–. .1 .–ndmpsinnpt–. . . .

We then have on substituting in (15)

whence

W.Gsp MBnpt = b. cos npt – dn cos npt
– Undnp sin npt = an sin npt – CRsin npt

(19)

(20)
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= ~~1/1+a&n2p*.sin(npt – tan-lM2p) + &ii%y+cos (npt – tan–l 3fnp)
I

(22)

Hence the general result is that the term of frequency ~ has its amplitude diminished in the

I
ratio and suffers a phase retardation of tan-l Jinp. This is the generalization of

~11+ Wp%2
equation (11 ) when ap X is smaII.

We may state this important rwdt as follows: If the equilibrium value of the resistance
is expanded in a Fourier series, the actual -due of the resistance will be such that the nth har-

monic is reduced in amplitu~e in the ratio
*W

and is retarded @ phase by an amount

4.2 ms (~– To)
tan–l np M where p is equal to 2r times the fundamental frequency and M equals ~. ~—

Consider the case of platinum tie and let r be the resistivity at temperature T,; 1 the -
length of the wire, A the area of cross section, and p the density. Then

M=
4.2p7A@- To)=4~plt’8(7– T,)

1
.-—.—

Pr —
a%

A

For platinum, r= 0.000012, p= 21.37, s= 0.035 appro.ximately, and if operated at say 500° C.,

M=l.31 x 103$. For wire 0.017 mm. in diameter, A =2.265X 10-E and taking i as 0.2 ampere,

3f= 0.0168 second. For this time constant the mdues of the amditude reduction factor and.
. the phase shift are as follows:

I

‘ Frequency
i

P d—k>

,1
l.--------_-
5----------
1o----------
20----------
60----------

, 76----------
; 1oo---------
~ 2oo--------- 1,

3::
62.8

135.7
314.2
47L 2
628.3
266.6

I

0.995
.SW
.687
.402”

. :%

.094
..043

tan-lMp 1

2$
4P
66°
79°
83”
S5”
89”

..

The Imitation of the hot wire for high frequencies is apparent. We see that while Burgers,
for example, was able to obtain records of variations of reasonable frequency, the amplitudes
were not properly reproduced. The due of M is found to vmy roughly as the area of the wire
(not as A’ since i must be varied rougkdy as ~), and for a “@inn wire and fied temperature
head to decrease as the wind speed increases (since i can be increased). It is advantageous
to use as low a temperature as the sensitivity of the apparatus permits end we have in most
cases used temperatures only 100° C. above the air temperature.

Returning to- equation (15} the correction for lag may be made graphically by a simple
construction. At a point ~ on the curve of the observed resistance R (fig. 3), draw the tangent
and the perpendicukir to the time axis. The vaIue of R. is given by the point on the perpen-
dicular which is distant by an amount M measured parallel to the time axis from the tangent.
A correction sidar to this is given bv AnreD and DownirIz (reference 15) as based on a method. . =..-––– –.-.––– -—
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given by G. J. Burch (reference 16) for correcting for the lag of a capillary electrometer. It should
be noted that the method is valid only if the speed {akatlons are small. If the speed varia-
tions are large, a method along similar but not simple lines may be derived from equation (6).

y,- M
The form of equation (22) sugg@s that it might be possi~~ to

5

‘\ restore the amplitude and compensate for the lag of the hot wire by

P R an electrical method. The. equation is of the same form as tl~at for
the current in a circuit containing resistance R and inductance L,

/
provided; = M, the time cmstant of the, hot wire. If in an ampli-

~
FIGURE 3.-Qraphioal method of cor- fier we can pass on tc-the succeeding stage the voltage variation in.

rectfngfor lag a circuit with this time csmst.ant, the amplitude can be reetored,
and an advancement of phase made to compensate for the lag of the wire. The development
of such an arrangement is not as simple w might appear and we shall reserve until a later section
a description of the compensating circuiti the theory of its action, ”and a description of the esperi-

FIQVRE4.—Clenemlview of apparatus

mental test of its action. The compensation can not be made perfect as is obvious from the
limiting case of high-frequency variations of air speed where the change of resistance of the wire
approaches zero. We can not expect to get a positive result fmm a zero effect and the comp-
ensation is therefore confined to frequencies less than a certain upper limit.

—. :..-.
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GENERAL ARRANGEMENT OF APPARATUS
I

In the apparatus developed at the Bureau of Mandards, the wire, of platinum about
0.017 mm in diameter, is heated from a 120-rolfi storage-battery line through a large swamping
resistance m as to keep the heating current very nearly constant. Potential leads are provided
for the measurement of the voIt.age drop across the wire, fiorn which the resistance is readily
computed. The &tance of the wire is a function of the air speed. Variations of air speed
produce variations of resistance and hence of the ~olt age drop across the wire. The -roltage ,

Boon

L
F

120v : Heaf[ng cirwif
L 6SJ2

Munganrn

aara cat I
~~looofl

Pofen+omefsr *
measuring m- voffoge

Curren+ meosuring
pofenfiomefw

FIGITEt 5A.—TVfrfngdhgmm of lmstiog clrmdt and cfrcolt for meammmmt of mean speed

variations are amplMed by means of a direct current resistance coupled amplifier. In the
ampliier is incorporated the .mmpensating circuit already referred to, which compensates ,for
the lag of the wire over a certain range of frequencies. The plate current of the last stage of
the amplifier is passed through a @ed rwistance and the voltage drop across this resistance is
balanced by a vo~tage divider. In the balancing circuit there is pIaced, in addition to the
direct-current mi.Uiammeter which serves as the indicating instrument of the voltage divider,
an alternating-current roill.iammeter for measuring the alternating current produced by the
fluctuations. If desired, an oacillograph element may be substituted for the alternating-current

AT *AFT

!+-411[ I I 1- I
150v
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150v
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FIGIrEE 5B.—~hi0g dhgram 64WplIfierr Compenwtor, snd output ctrcuit

rdiammeter and the wave form photographed. A photograph of the apparatus is shown in
Figure 4 and a wiring diagram in Figures 5a and 5b. For s@plicity, cert sin protective switches
and the oscillograph circuit are omitted in the wiring dia=~am.

THE HEATING CIRCUIT

lt is essentiaI to maintain the heating cu~ent reasonably constant. The electron tube
used in the amplitier is essentially an elect.rostatic device and is operated by voltage changes.
If one connects a hot wire directly to a batta-y, the voltage across the wire will remain appro.si- .“
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mately constant and equal to the battery voltage (absolutely equal em.ept for the drop in the
leads and in the battery) irrespective of changes in the resistance of the wire. Hence, to secure

. .

the greatest sensitivity it is desirable to maintain the current constant. The resistance of the
wire when hot was usually about 4 ohms and the heating current was usuaIly 0.2 ampere. The
maximum variations of resistanm in which we are interested do not usually exceed +0.25
ohm. Thus by using the laboratory 120-volt storage-battery line with 596 ohms in series with
the wire, the maximum change in the heating current during the fluctuation was about-1 part in
2,500, and a voltage fluctuation equal to 0.2, the value of the current, times the resistance
fluctuations was impressed on the amplifier.

To measure the current. accurately and to maintain it at a conetant~alue as the mean
resistance of the wire varied with changing mean speeds, a 6.5-ohm manganin resistance was
placed in series with the wire, and the potential drop across this resistance was measured .by an
improvised potentiometer consisting of a 2-volt storage cell, a 10,0004hm @al box, a standard
1,000-ohm resistance, a portable galvanometers and a standard cell.

THE CIRCUIT FOR MEASURING MEAN RESISTANCE

The mean voltage drop across the wire was measured by a similar potentiometer except .
that a 4-volt storage cell, a 1,000-ohm dial box, and a milliammeter (range. O-1,5 milliamperes)
were used. Switch SZin.the diagram (fig. 5a) permits a check of the potentiometer by a stand-
ard cell. Switch SI enables the wire to be removed fru. the amplifier circuit, still retaining” a
closed circuit when the switch is closed in position A. Switch SS enables the removal of the
indicating rni.lliammeter from the circuit, retaining a closed circuit on the grid of the first am-
plifying tube when olQsed @ posjtion A, The procedurg,,is as follows:. SZis closed in position A_ .-
and the potentiometer checked against the standard cell, Sz is then thrown to-position B and
remains there subsequently. S, and S3 are closed in position B and the potentiometer adjusted
until the milliammeter fluctuates equally about the zero mark. By opening SS the fluctuations
are passed on to the ampliiier. After a reading has been taken, Ss is closed in position A, SI
thrown to position A, the dial box set to zero, and Sa opened, the objectmf this procedure being
to avoid disturbance to the amplifier by keeping the ~we average voltage on the grid of ‘the
first tube. After these adjustments, known voltages can be applied to the amplifier by turning
the dial box, and the amplification can be measured.

THE AMPLIFIER

The amplifying circuit is one given by R. W. Kiiig- “(reference 17) as suitable for direct
current amplification, No condensers or transformers are used and there is therefore no wlective
amplification. The coupling condensers of the more common resistance condenser coupled
amplifier are replaced by large C. batteries in series with a voltage divider for fine adjustment of
the bias voltage. Site the reduction of the wiring diagram given by King to a workable amplif-
ier was attended by some difficulties, it is desired to make a record of the more important ones
for the benefit of others intending to use this type of direct-current amplifier. The wiring
diagram given imF~.uze 5b gives the type of tubes used, the values of the battery voltages, and
the coupling resistances.

The first difficulty encountered was that due to rapid drifting of the current in the last-
.— .-

stage, caused partly by leakage currents from the C batteries, which are at high potential, and
partly by small changes in voltage of the various batteries. The measures taken to reduce the
drift to a workable value of about 1 milliampere in the plate current of the power tube in 5 to
10 seconds, corresponding to a voltage change of about 0.001 volt ir5 to 10 seconds at the first
grid, were as follows:

—

(a) To insulate all C batteries by means of paraffin blocks.
(b) To-use a sotiewhat smaller plate voltage on the tubes than recommended for ordinary

radio use.g ._

$lt shouldh noted that the so-calledplatevoltegespedfied by samemarmfecturerareeltydenotfa the B-battery voltase to be applled to a

. . .. ... .,-.

plate clreuit In wbfch a SMIW external rmfstancais placed.
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(c) To use storage celIs for B batteries.
(d) To use 50,000ahm coupling resistances.

In spite of these precautions it occasionally happens on days of high humidity that the amplifier
is unworkable because of a large drift. Trouble from this source is greatly reduced when the
ampliilcation is reduced.

.%second serious dficulty arose in the attempt to use a common B battery for all stages.
It wilI be seen that the B battery is common to the input circuits in this type of amplifier and
forms a coupIing between the stages. If the B battery remained of constant voltage, this
coupling would cause no trouble, but unfortunatdy the voltage depends on the current drain.
The variation is especially large for the ordinary Iight-duty dry celk which we attempted to
use at first, and many peculiar effects were found. This difficulty was removed by the use of
storage B batteries and by using a. separate battery for the power tube.

It is found that the amplification changes with time. It is necessary to run the amplifier
about 15 minutes before beginning observations and to measure the amplification frequently.
To insure that the tubes are always worked on the Iinear portion of the characteristic curve
milliammeters are included in each stage. The characteristics of the amplifier are such that
blocking does not occur if the limits of the power tube are not exceeded. It is necessary
occasionally to check the characteristics of each tube.

Simce in various applications it was desired to measure variations from 0.005 voh to 0.10
volt., or even 0.2 ~olt, it was desirable to be able to vary the amp~ification in reasonably close
steps. Each stage ampMies about 12 to 15 times, and to secure finer adjustment than was
possible by varying the number of stages arrangements were made in the first stage to pass on
one-fourth, one-haIf, three-fourths, or alI of the drop across the coupling resistance.

A direct check -was made of the nonsdectitit.y of the amplMer (compensating circuit
omitted) by observing the amphfication of a known aIternat.ing current and comparing with
the direct current amplification. Frequencies up to 120 cycles per second were tried and no
sdectitit y was observed.

OUTPUT CIRCUIT

In the output circuit the potential dMerence across a fixed resistance is balanced by a voltage
divider. The tap on the voltage divider resistance is set once for all, w that no current flows
in the balancing circuit when the plate current of the power tube is at the vaIue corresponding
to the midpoint of the linear part of the characteristic curve. Balancing is subsequently fiade
by the C bias -roltage divider of one of the stages of the amplifier. Under these conditions the
relation between the unbalanced current shown on the rnibmmeter and the volt.age apphd
to the grid of the tirst tube is linear over a considerable rmge (+10 milliamperes}. The
alternating current still remaining is measured by an ahrnating current milliammet er of range
O to 5 milliamperes. If the alternating current does not. exceed 5 milliammeters, and the mean
values of the plate currents of the various stages are at the proper vrduee, the tubes are known
to be working vzithin the linear range of the characteristic curves and me not blocking.

COMPENSATING CIRCUIT

It has been shown that compensation can be made for the lag of the wire by passing on at
some stage the voltan~ -iariation in a circuit containing inductance L, and resistance R, such
that L/R equals the time constant M, of the wire. We may compute the performance of circuits
containing a -racuum tube by assuming (reference 18] that the tube impresses a voltage pe, P
being the ampIiiication factor, and e the grid voltage, in a circuit consisting of the extermd
impedance and the plate resistance of the tube l?.. The distortion term is negligible if the
tube is operated in the Iinea.r ra~oe of the characteristic curve. Since the grid- flament resist~ce
of the succeed@ tube is ~ery I@h and the grid current negligibly small, we need only to
compute the voltage variations passed on to the next tube.

The compensating circuit (@. 5b) consists of a tube of plate reaistagce l?., a resistance RI,
and an inductance L of resistance Rz. The voltage drop across the inductance .L and resistance
Rz is passed on to the next stage. b is customary in similar calculations we consider only the .
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variable part of
which we call e.
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the plate current which we call J,, and the variable partof the grid voltage,
Fe have then

w -Jo (R, + RI+ B;+ipL)

and the voltage passed on to the next tube as

Jo (1?,+ ipL)
or

Ne(R2+ ipL)
RO+R1+R= “-” ““

After some reduction, we find this expression equivalent to

If we can meet the three conditions, that ‘~+ 1 is large as compared with ~~’ that

~ + ~ is small compared to unity, ~d that ~z is equal to the time co~tant of
RO+R, R,( O+R,)
the wire, we have the compensation desired.

In the actual circuit, R,= 50,000 ohms, ~= 100,000 ‘duns, R~ varies from 700 to 5,000 ohms
.-

(by means of adjustable rheostat) and L = 13 henries. Carrying through the limiting cases for a
frequency of 100 cycles-i. e., p = 628-i~’e have the follgying table:

.

‘: Y% ‘l::ig! %:.:’;

“ I “%-

5, k?” ““:-:’2;; “1::: .“ “; ‘9!31 .“.-.
.“” ‘.. — ., ’.... ——.-.*

The error in compensation for amplitude is only 0.15 per cent, but the. errors in phase are
apparently much greater. We. fl.nd from the preceding equations ~at the”phase errors could be
made smaIler by using 1 megohm for R, but-’this procedure would, reduce the amplification, and
since the mean square value does not depend on the relative. phases of the various components “” - ‘“” -
into which the complex wave shape may be resolved, ”we have actually used 100,000 ohms.
Furthermore, the errors are in reality not as great as they seem. Thus for &=700, the phase is

11.65
advanced by an amount tan-l ~ = 6.89 instead of the. correct amount tan–l 11.65, i. e., 81.7°

instead of 85.1°, and for R?= 5,000, by 55.4° instead of the correct 58.50 .. . In other words, the
error in phase is only 3°. The compensation is therefore regarded as satisfactory for frequencies -.
up to 10CI.Cycles. The. error i-t 500 cycles is only 4 per cent in amplitude and about 15° to 19°
in phase. .-

The compensation is secured at the expense of @. voltage amplification of this stage
which is

AJ1+G - ‘ :,,::

“- ‘“
.-. .
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For the tube used (p= 30) and the WJU= given above, we find that this stage does not amplify
at all but actuaIIy reduces the voltage under some conditions. Thus the direct-current ampli&
cation is 0.14 for R~= 700 and 0.59 for R:= 5,000 and the smplMcation at 100 cycles 16.4 for

.—

R:= 700 and 1.1 for Ra= 5,000. The compensation is therefore secured by reducing the loy-
frequency amplification and an additional stage of amplification is required to make tip for this ~. _

L-

10ss.
To secure the computed performance it is very necwsary that the inductance L be inde-

pendent of the frequency and of the current-, which means that no iron can be used. The
“.&-

resistance must also be reasonably low. M. Brooks and H. M. Turner (reference 19) have shown
-..

that to secure a given mdue of L/R, a definite weight of wire is required, and in the present case ..-
it was only necessarx to wind h’o. 26 wire (about 14 Pouds) on a SPOO1~tfl the d- WR
was obtained, in this case about
0.01S second, L being 13 hen-
ries and R 735 ohms. Smaller
values of L/R could then be
secured by introducing addi-
tional resistance in series with
the coil.

EXPERIMENTAL TEST OF C031-
PENSATING CIRCUIT

Because of the importance
of this feature of our apparatus,
we made special tests to obtain
a check on the accuracy of com-
pensation. The experimental
arrangement for this purpose
(shown in fig. 6) consisted-of a
motor-driven cra.nli, connecting
rod, and lever system for im-
parting an approximately har-
monic motion to a slide oper-
ating on the outside of a brass
pipe 1~ inches in diameter.
The pipe was provided with a

..

. .—

-.
.

l--d

FIGG!M 6.—Apparatusfor experimental W of com~tkm

belI-=outh entrance at one end, and the other end was inserted in the WSU of the 54-inch wind
tunnel. A hot wire cmdd be mounted within the pipe on the slide through a narrow slot.

The object of this arrangement was to be able to maintain a reasonably steady air stream ‘
past the tie and to superpose on this st~ady relative motion a harmonic motion by oscillating

.—

the wire. The experiment was made in a tube rather than in the wind tunnel itself, so as to be
M.

able to eliminate alI interference from the motor, crank, connecting rod, and lever systems.
-q-.

The procedure was as follo-ivs: The hot-wire mounting was removed from the pipe and a _.
relation found between the speed aft the center of the pipe and the speed indicated by the vrind-
tunnel gauge. The wire vias then replaced and calibrated-i. e., the voltage drop across the wire

—.

was measured at se~ersl wind speeds. The wire was then oscillated at sereraI frequencies and
amplitude so chosen that the product of frequency and amplitude, and therefore the maximum
speed produced by the oscillation, was constant, a~d the reading of the alternating-current n@-

—.
.—

m
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ammuter in the output circuit noted. A typical experiment of this kind gave the foIIowing results,
the compensating circuit operating:

Ft tee.Ii49
4Ei 1
46.1
44”0

Double
oll:fllloof

Wti

12*71
; 6.36

428
.0

.r . . ,“” ”””-’”

FL/aec.
~ 0.0171 6.3

;: .0173 _. 6.1
60 .0176
0 .0056

1.

:%”’ ‘
“ (*Due ~ turb~n~e

of stream in the
> pipe).,. *

—

_.. ..—

- ---
.... ;+..

~The voltage variations ere derived from the m.llltammeterreadingsby esmming tiilmssoidel we~e form, hensemultiplying by 2W to get the
donbloom Iftude and then multlplytng by the empiWatfon ratio. She themeanSPS@ VSrieee Mle fromomreedhs W NO W, a siren voltsm

—.

t
&

verktlon w uot carespmd eiwe$wto exeotly the eeme speed voriation.

We may attempt to correct for the unavoidable turbulence in the pipe by assuming that the

value for a stream free from turbulence is ~6.22 – 22=%.”9 ft ./sec”~ The value computed fro-m ‘-”
—

the amplitude and frequency, assuming sinusoidal motion, is 2~ x 20 x
12.71
~, or 5.2 ft./see.

Consideii.ng the several sources of error and the difficulties introduced by the turbulence of the
stream, the difference- between the two values may not be considered excessive.

Further experiments were made by the use of the cmcfiograph instead of the millia~lmeter
with the hope of being able to average ‘out the effect.s of _tyrbulence in the pipe. Sample-records
are given in Figure 7, and a typical set of results jn the table. The Wire used was not the same as
the one used with the millkmneter and the mean & speed was somewhat dtierent, so that the
relation between voltage variations and speed variations is not the same as for the preceding
table.-The value of the time constant was computed as 0.00415 second.

[Uncom~sated, 3.X mm on 61mE0.004volt]
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These values show better agreement with the computed value of 5.2 ft./see. and ihstrate
the marked dMerence in response when uncompensated as compared with compensated.

As a result of these and other measurements, we believe that the net effect of the many
sources of error, including the errors in determinhg the time constant of the wire, do not on the
average exceed 10 per cent, and since vie are attempting to measure variations of air speed which
do not remain of constant amplitude this error is not excessive.

We appreciate fdl well the errors involved in us~m a wire 7 mm long in a pipe 32 mm in
diameter because of the -mriation of air speed over diflerent parts of the wire, but we feel ‘that a
direct mounting in the wind tunnel involws very much larger errors due to interference effects.

Uncompensated%)qdes per second

Uncompensated 60cyck per second

Campeosated20orcles persecond

Comwnsated 60O@H E second ,

FIGUBI! 7.-Oscf.llogmphrmrds of @t of mmpensatfon

The impossibility of obtaining a stretmn hee from turbulence and the neceesity of keeping the
superimposed speed fluctuation reasonably amaLI offer insuperable obstacles to an extremely
accurate check, but we may accept these experiments as etidence that no large factor has been
overlooked in the theory of the compensator.

The determination of the correct value of M under given cmditions requires a knowledge
of the diameter, density, temperature coefficient of resistance, resistance at room temperature,
spectic heat, and mean temperature of the wire. Of these quantities, the mire diameter is most

sensitive and is the most dit%cult to determine accuratdy. We ha-re used a due obtained
by the interferometry section by using the wire to form a wedge between two optical flats and
counting the number of fringes. The mdue is probably correct to +2 per cent. A check on
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this value was obtained by measuring the resistance of.? .kncw!n length of wire. The r~ista.nce.
at room temperature. was measured by a sensitive bridge method ao that the current through

.

the wire was very small. The density was taken as 21.37 g/cma, the temperature coefficient
as 0.0037, and the specific heat-as 0.032. These values should, strictly speaking, be modified
according tithe wire temperature, but wit-h the accuracy attainable it does not seem worth
whiIe to do so at present. At high frequencies the percentage error in the amplitude of the
speed fluctuation is equal to the percentage error in .M, while -at low frequencies it is some-
what 1sss. r—- ,- ,--

A word should perhaps be said about the influence of the temperature distribution along
the wire. The distribution may be calcrdated approximately from the known heatmonductivity
of the materiaI, the rate at “which heat is generated by the electric current, and the heat loss to
the air stream. It is found that the arithmetic mean temperature differs from the maximum
temperature by 2% per cent for a maximum temperature of 150° and by 4% per cent for a max-
imum temperature of 500°. The errors introduced in taking various types of mean values do
not therefore exceed 2 or 3 ““per“i%nt. After all, the wire is about 35o diameters long and iE not
at all short as compared to the diameter.”

F[GURE &-Wire mounting for central@ of ah’ stream

FIG~EE 9.—Wire mounting for usenwu the tunnel wefl

Czp.ste-s
f? 20.%2

-.*

.—

. El
FImrEB 10.-Gneraf rehrtionof the two wire mountIn@

MEASUREMENTS OF WIND TUNNEL TURBULENCE

To illustrate the use of the apparatus described in this paper and the general nature of the
results obtainable, we will describe some measurements made in connection with the problem
of turbulence in wind tunnels. The methods of mounting the wire and of traveming across the
tunnel at a given section are illustrated in Figures 8,9, .wd 10Jshowing the mountings used in the
main body of the stream and near the wall. Every effort was made to eliminate interference
effects from the supports and to secure reproducible conditions near the wall. A bakelite
plate 7.5 cm wide was set into the wall extending about 43 cm upstream and 7 cm downstream
from the section at which the traverse was taken, The. wire, about 6% mm. long, was supported
by two stti prongs extending through smalI hoks in the bakeliteto a block traveling on a microm-
eter screw. The zero position of the screw was obtained by observing the reflection of the wire
in the smooth bakelite surface. This wire mounting ccndd be used for distances from the wall
up to 5 mm. The remainder of the cross section was explored by a wire mounted on two prongs
parallel ta the, wind stream attached to a carriage sliding on a strut about 37 cm downstream.
(F~s. 8 and 10.)

—
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The wire was placed in every case at right angles to the wind direction and to the line of
traverse. In this position it is least sensitive to directional changes and responds to any change
in the resuhnt speed.

A brief description of the 54-inch wind tunnel in which this work -was carried out has been
given ekewhere. (Reference 20.) The ordy change of importance since that description was
published has been the removal of the diifuser and the insttdlation of a room honeycomb. F-e
11 shows a sketch of the tunnel with the sections indicated at which traverses were made. Trav-
erses were made only along a single horizont aI line toward one vdI of the tunnel.

The procedure was - as
folIows: The wire was placed
at the center of the tunnel
and calibrated against a static
plate, which in turn had been
calibrated against a Pitot
tube placed at the point sub-
sequently occupied by the
wire. For the traverse near
the wa~ the walI instrument
was calibrated against the
center instrument. The tun-
nel was then operated at the

FIG= H.-sketch Of54fnch wind tnnnel with tramrse @tfom

speed at which-it was desired to make the traverse and the mean voltage drop across the wire
baIanced with the wire in the desired traverse position. The time constant of the wire was Wen
computed and the compensating resistance set so that the ratio of the inductance to the resist-
ance was equal to the time constant. The fluctuations were then impressed on the amplifier,
the direct-ourrent milliammeter reading of the output balancing circuit reduced to as near zero
as possible, and the reading of the alternating-current milliammeter noted. In this process
two observers cooperated, and an attempt was made to obtain the best average reading of the
ah%mating-current milliammeter when the direcbcurrent instrument was fluctuating equally
about the zero mark. In other words, an effort was made to confine attention to disturbances

..-—
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~- ~.–LQIU[thIdC pIot Of the dbtrfhutfon of ~ 8psedj 5 &&t &w@ream - the working Sectfon.
#.distsnca from @ mm. V=nuOn speed at &tsnce y. V.-rum @ atsenter of workfng sedton

of frequency greater than one cycle in one or two seconds. ~ter the reading was obtaked
the wire was switched out as explained in a previous section and” the change in current in the
baIancing circuit for a known change of voh%ge determined. The wire was then moved to a
new position and the process repeated, the amplification being adjusted if necessary to gke a
reading in the neighborhood of 2 to 4 milliamperes.

The variations in speed were computed in the following way: We know that the reading
of the ahmating-ctient miIIiammeter is proportional to the square root of the mean square
deviation of the resistance from its mean value. We therefore computed the amplitude of the
sine curve, giving the same square root of the mean square value and read off from the cali-
bration curve the speeds corresponding to the mean resistance plus this amplitude and the meam

104Lt9i4&!25
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resistance minue this amplitude. We called the mean of the two speeds, the mean speed, and
their difference the double amplitude of the speed variation.

If the resistance-speed curve were linear, the aboye procedure wouId give accurately the
speed variation giwing the correct square root of the. mean square value, irrespective of the
actual wave form. The curvature of the resistance-speed curve introduces an error which we
see no way of eliminating at present. For small variations the calibration curve may be con-
sidered approximately linear, and the errors from this cause are probably not very great.
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Frowns N.-Lo&rIthmfa plot of the distribution of the double smplltude d. thes- ifnetuetfons, e.xpreswdes
rattm to the m@n speedat the canterof the wrddng S.A1OL y-dfstance from wall, mm. A V=double emplltude
of npwdilmtustion, V.-mean SIW3at oeat.erof.workfug@ion_

Figure 12 shows the distribution of mean speed along a line from the center of the tunnel
to the east wall 5 feet downstream from the workingsqc$ion~ plotted with logarithmic scales to
show the power law variation. The break in the curve at a dist8nce less than 1 mm is not due
to the presence. of the wall, since the presence of th~ WB1lcauses a greater heat loss, cools the
wire, and hence givee too high a value for we speed. A method of correction for the tiect of
the wall has been given by B. J, Van der H’egge Zijnen (reference 21), b which it is i,ssiune~that
the heat loss to the wall is independent of the wind velocity. This cmrection has been applied
to our values. The correction was negligible for distances grea@rthan 1.2 mm. Van der Hegge

.
y, mm

FmuB~ 14.-I@garlthmic plot 6f the dfatrlbutin of the doubleamplitudeof thespsed fluctuat Ions, expressed as ratfoe

to ths local moan spwl, wdfetsnoe horn wsl~ mm. .A V-double ewdftrde of wed fhctuatfom %m~n SpC@

at distance r

Zljnen gives an interpretation of this peculiarity of the distribution curve, for which reference
may be made to the original paper.

It is seen that the air stream consisti of a core of approximately uniform speed surrounded
by a region near the wall in which the speed decrea~. The equation of the curve of mean

Vdyn “’-.
speed in this ‘(boundary layer” is

()70 $
where V u the local mean speed, V@the speed of

. . —

—

.

the core at the working section, y the distance from the wall, t, the thickness of the boundary
layer, in this case 135 mm, and n a constant, in this case 0.15. .
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The,accuracy of measurement of the mem speed is not as great as one might secure by the
use of a wire of greater diameter. The wire used, 0.017 mm in diameter, was extremely fragile
and broke very frequently. The calibration curve was subject to erratic changes of the same
type as those described by Bailey and Sions (reference 22) for a wire 0.025 mm in diameter
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~IGLW?. 15.—Distrfbnt~0n of MsS.U S- d thrw SeCtfOm. #-di5bL% FIGCEE LS—DiekfbutIon of the double amplitude r4 the speed Eue-
from wti mm V=mesn speed at dMance r. r.=msen ~ at trmtIom at three seeti~ -s5sed 8s rntim to tha man s@ at
eentw of working sectfen the center of the workbg eectforr. u-dktanea horn ~ mm. ‘

AV-doubIe smplftuda of speed Euetuatkm. I’.-rnean ~ at
center of workbw eeetfon .

but even more troublesome~ In spite of calibrations two and four times per day and of numerous
returns to a reference point during a trave~, it was ditlicult to secure an accuracy of better than
+1.5 per cent in the mean speed. Some of the di.tticulty arme from the ability to see fluctua-
tions on the balancing instrument. To measure fluctuations, the wire must be smaII, and judg-
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FIG- 17.—DlsMbutfon of the dmble ampIItude of tbe speed fhcfw

Hoaa at three Sectfons,axpwsed es retire to the IoceJmean speed.
y=dlstance from V@ mm. AV.dofrbIe smpUtnde G( speed EaetuG-
tfon. V-mean speed at dfskmceF

ing by the frequency of faihre me diamet~
used is close to the lower limit of mechanical
strength for use at syeeds up to 60 foot-
seconds. The traverses were made at a mean
tunnel speed of approximately 55 foot+ieconds-

Fiie 13 shows the distribution of speed
fluctuations, also on a logarithmic scale. The
ordinates of the curve are equal to the double
amplitudes of the speed fluctuations expressed
as a ratio b the mean speed of the central
core of the air stream at the working section,
derived from the square root of the mean
square values on the assumption of a einu-
soidal wave form as previously explained.
The abscissas are distances from the WEJI.
There is a deiinite correlation between the
variation of the speed fluctuations and the
variation of mean speed. Over the central
core tie double amptitude of the fluctuations
of speed is reasonably constant, as is the mean
speed. In the boundary layer the fluctuations.
increase. to a flat maximum at about 15 mm
from the wall end then decrease as the wdl is
approached.
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In Fqe 14 the speed fluctuations are expressed as ratios to the mean zoca~speed instead
of to the speed of the central core as in Figure 13. It is probably only a coincidence that the
limit-w value of the amplitude (i. e., half the double a~plitude) of the speed fluctuation at the
wall expressed in this way (0.15) is nearly equal to the exponent occurring in the law of distri-
bution of the metm speed (0.15).

—:.=.
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In Figures 15, 16, and 17 we h~ve plotted on a linear scale the average curves for the work-
ing section, a section 150 cm..downstream, and a section 131 cm upstream, the locations being
shown on Figure 11. Comparison of the working section and the downstream section shows
the expected course of events. The boundary layer increases in thickness, -and consequently
the speed of the core increases a little. The large variations of speed extend to the limit of the
new boundary layer, while the variations of speed in th~ core are somewhat-reduced.

The upstream traverse shows anomalous results, repeatedly checked, which we believe to
be due to the fact- tlmkthe honeycomb axis is at 8 mall .gngle to we tuwel ~.. The ~~~!~es
shown cover a comparatively limited region and can not be considered as representative of
conditions over the entire cross section. Since Y.e do nit hayg sufficient-data to gdie.a compre-
hensive report on the speed variations .in our 54-inc4 tid tuwel md the values given are
intended as illustrative of the kind of res~ts obtainabl~ye shd omit any further discussion.

The precision or perhaps l~ck of precision m indica~d clearly in Mgure 13. We believe
that the chief difficulty lies in the fact that there ire actual changes in”the mean values for
the time intervals used-i. e., the turbulence as defined by our method of measurement is not-
constant. ..—

FIGURE lS,-OscflIograph recordof speadfluctuationnear the wall

We have, of course, been most interested in the turbulence k the core of the tir stream.
A typical@ of values of the double amplitude of the speed variation taken in the core at
the working section is shown below.

DMt3nce from center (cm) . . F&t run Second
run

1“

i

46wat.-. ----------. -—--------- (1 043.
3owat-. ----------. --_---—---- . ..; ;)..

I 15wee.t----------- —------ . .--.----=
0--. ---------. ------——-------— :043 “

16 We---- .---------------.— ----- 046
30 east---. -----------------------+ ~ ~ ~~

46 east --------------------------

R
Mean---------l --------------

0.041
.040
.041
.041
.041
.043
.043

.041
. . . .. .. . .

-..

The mean of a number of readings at the three sections gave the following results:

131 cm u@ream ----------------------------------------------------- Cl060
Workfng section--------------- -—-—----- .---— -.--.-q- _ --- — ---------- .043
150 cm dommst~am-----------. ---_—---_—--- --------------- —------ .035

.,

As a matter of interest, an osciIlograph record of the wave form near the wail k shown in
~lgure 18. The light ray is in@rrupted at intervals of approximately 0.15 second. —

MEASUREMENTS BEHIND CYLINDERS

In the developmentmf the apparatus we made .a few measurements of the fluctuations
prwent be~d a cylinder 3 inches (7.5 crQ) in diam@er and extending completely across the

tunnel at the working section. -We wish to use these measurements (figs. 19 and 20) to illustrate
another application of the apparatus. While tbe accuracy of these measurements is not very
great and the cylinder was much too Iarge for the tunnel, blocking about 7 per cent of the crosa-
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sectional area, the qualitative information es to the rapidity with which the Karman vortex
system is dkipate.d is of some interest. The diagrams are sd.f-explanatory.

CONCLUSION

The apparatus described is very balky, far from portable, and in many respects incon-
venient to use. We behev-e, however, that a great improvement is possible, and we are now
engaged in redesigning the amplifier, using very Iarge eouphng condensers in place of the large
C batteries. By sacficing a little in setitivity and accuracy the wire may be heated from
a 6 or 12 v-olt storage battery.~ W3th severaI changes of this nature we hope to produce a
more portable apparatus. The extension to measurements of directional variations using the
%vire arrangement of Burgers is relatively easy.

In conchsion we wish to acknowledge with appreciation the assist ante of our associates,
Dr. Arthur E. Ruarli, Messrs. K. H. Siipson, P. S. BaIIiR, B. H. Monish, and W. H. Boyd.
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FIGVEE 19.-DistrIbutfon of mesn speed bebhd a cylinder FIG=E 21.-DistrIbutIon of ~ble amplltnde of speed Euetnetlotm

a fncbes In dfemeter. v-mean speed at pofnt (z, y). bablnd a cglhder 8 Inches Ln dhnetar. AV=donbIe empIItude of
Tr,.mesn qm?cf0( nndfgt~~ m s- fl~tmtfo~ at @t (z, r). V.=mean speed of lmdkturmd

air stresm. Cf. Ffgnre 19f.mcoordfnatee(z, Y)
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